To depolymerize plant pectin, the phytopathogenic enterobacterium Erwinia chrysanthemi produces a series of enzymes which include a pectin-methyl-esterase encoded by the pem gene and five isoenzymes of pectate lyases encoded by the five genes peL4, peiB, peiC, pelD, and pelE. We have constructed transcriptional fusions between the pectinase gene promoters and the uidA gene, encoding 13-glucuronidase, to study the regulation of these E. chrysanthemi pectinase genes individually. The transcription of the pectinase genes is dependent on many environmental conditions. All the fusions were induced by pectic catabolic products and responded, to different degrees, to growth phase, catabolite repression, temperature, and nitrogen starvation. Transcription of peU, pelD, and pelE was also increased in anaerobic growth conditions. High osmolarity of the culture medium increased expression ofpelE but decreased that ofpelD; the other pectinase genes were not affected.
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HUGOUVIEUX-COTrE-PATTAT ET 3937 . PME, encoded by the pem gene, demethoxylates pectic polymers to give PGA and methanol. PGA is cleaved into oligomers and dimers by the action of PL, encoded by thepel genes. The E. chrysanthemi 3937 possesses five pel genes, pelA to pelE, coding for five PL isoenzymes, PLa to PLe. These enzymes, which act directly on the pectic polymer, are secreted by the bacteria. In contrast, further degradation of the oligogalacturonides appears to be the function of intracellular enzymes (not shown).
products, or environmental stresses such as oxygen limitation, temperature, or osmolarity fluctuation.
MATERIALS AND METHODS
Bacterial strains and plasmids. Bacterial strains and plasmids used in this study are listed in Table 1 .
Media and growth conditions. Cells were grown in complete L medium or in synthetic M63 medium (32) . When required, the media were solidified with Difco agar (15 g/liter) . E. chrysanthemi cells were usually incubated at 30°C and Eschenchia coli cells were incubated at 37°C. Carbon sources (glycerol, glucose, and galacturonate) were added at 2 g/liter, except for polygalacturonate (PGA) (grade II, Sigma Chemical Co.), which was added at 4 g/liter. A crude carrot extract was prepared by homogenization of carrots, filtration through 0.45-,um-pore-size filters, and sterilization by autoclaving. This extract was used at the final concentration of 1% (vol/vol) .
Liquid cultures were grown in a shaking incubator (220 rpm). Enzymatic assays were usually performed on cultures grown at 30°C in M63 glycerol minimal medium. To induce pectinases, this medium was supplemented with PGA and plant extract. Semianaerobic conditions were achieved without shaking in liquid cultures layered with paraffin oil by using M63 minimal medium supplemented with fumarate (2.5%) as an electron acceptor. Nitrogen starvation was performed in the following medium: M63 deprived of (NH4)2SO4 but supplemented with arginine (200 ,ug/ml) as a nitrogen source. Phosphate starvation was carried out by using the low-phosphate medium MinA-P (44) supplemented with 1 mM phosphate. Mitomycin was used as inducer of the SOS system at a final concentration of 0.5 ,ug/ml. High osmolarity was obtained by the addition of NaCl (final concentration, 0.3 M) to M63 minimal medium. Such highsalt concentration provoked precipitation of PGA. To test the effect of osmolarity, the induction was performed with galacturonate instead of PGA.
When required, antibiotics were added at the following concentrations (micrograms per milliliter): kanamycin (Km), 20; ampicillin (Ap), 50; tetracycline (Tc), 10; and chloramphenicol (Cm), 20. Plate and enzyme assays. Clones producing PL were detected on medium containing PGA. After growth, plates were flooded with a solution (10%) of copper acetate, which forms a blue complex with the polymer, leaving clear haloes around clones producing PL. PME activity was tested by using the semiquantitative colorimetric method previously described (25) .
Assays of PL, GUS, and ,B-galactosidase were performed on toluenized cell extracts. PL activity was determined by the degradation of PGA to unsaturated products that absorb at 235 nm (33) . Specific activity is expressed as micromoles of unsaturated products liberated per minute per milligram (dry weight) of bacteria. GUS activity was measured by Bachmann (1) . In addition, ImrT(Con) indicates that the transport system encoded by the ImrT gene and able to mediate entry of lactose, melibiose, and raffinose into the cells is constitutively expressed (22) .
following the degradation of p-nitrophenyl-o-D-glucuronide into p-nitrophenol that absorbs at 405 nm (2 3); in pFB671 the uidA-Km cassette is inserted in the opposite direction.
(ii) Construction of the pelC::uid4 fusion. The 1.8-kb SmaIHindIII fragment containing the pelC gene was first subcloned in plasmid pBS-Cm, and the resulting plasmid, pGPl, was linearized with EcoRV. The uidA-Km cassette obtained by SmaI digestion of pUIDK1 was then inserted into the pelC gene to give plasmids pFC1 and pFC2, in which the uidA4-Km insertion is oriented in the same direction as pelC (pFC1) (Fig. 3) (Fig. 3 ) or in the opposite direction (pFE112).
(v) Construction of thepem::uid4 fusion. Thepem gene was present on the 6-kb PstI-EcoRI fragment inserted in the vector pUC8. Deletion of the NruI-EcoRI fragment was realized after digestion and action of the Klenow enzyme to fill in the EcoRI protruding ends. The resulting plasmid, pNM7, containing the 1.7-kb PstI-NruI fragment was linearized with BamHI and ligated with the uidA-Km cassette obtained by BgIII digestion of pUIDK31. Plasmids pFM735 and pFM732 contained the uid4-Km cassette inserted into thepem gene in the same direction aspem (pFM735) (Fig. 3 ) or in the opposite direction (pFM732).
Recombination of the uid4 fhsions into the E. chrysanthemi chromosome. Mutations constructed in vitro by insertions of kanamycin resistance cassettes were introduced into the E. chrysanthemi chromosome by marker exchange recombination between the chromosomal allele and the plasmid-borne mutated allele. The recombinant was selected after two successive cultures in low-phosphate medium in the presence of kanamycin, conditions in which pBR322 derivatives are very unstable (44) . The PL proffle in the resulting strains of E. chrysanthemi was analyzed by electrofocusing as previously described (3) to verify that the PL isoenzyme encoded by the mutagenized gene was absent. In the case of PME, the test for the detection of this enzyme was used to check that the corresponding gene was inactivated. The strains A1787, A1789, A1798, A1828, and A1880 were retained, since they had a pel orpem::uidA fusion.
The peUI::uid4 fusion was previously constructed by C. Bourson (6a) by introduction of the uidA-Km cassette into the HpaI site located inside the peU4 gene (Fig. 2 ). This pel::uidA fusion present in a lacZ E. chrysanthemi mutant (Table 1) was transduced in the wild-type strain 3937 by using a stock of the transducing phage Phi-EC2 (37) grown on strain A1696 and by selecting for the kanamycin resistance of the cassette.
In vivo construction of the kdgR-iac fusion. A lacZ mutant of E. chrysanthemi, L2, was mutagenized in vivo by infection with phage MdI1681 (7). Mutants with a derepressed expression of thepel genes were selected by using the PL in situ detection, as previously described (20) . Mutants simultaneously showing a derepression of the kdgT transport system, i.e., able to grow with KDG as the sole carbon source, were most probably affected in the kdgR gene (11, 12) . Those expressing 3-galactosidase might contain a kdgR::lacZ transcriptional fusion. Transduction of the Mu insertion (Km') was performed to verify the linkage between the Mu insertion, the f-galactosidase synthesis, the growth with KDG as a carbon source, and the derepressed expression of thepel genes. The location of the Mu insertion in the kdgR gene was confirmed by chromosomal mapping of the Kmr marker, strongly linked to the ogl gene (40) , and by complementation of the mutation with plasmid pROU2 (42) bearing the wild-type kdgR gene. Strain A876, containing a kdgR::iacZ fusion, was kept for analysis.
RESULTS
Individual expression of pectinase genes during growth phase. It was observed previously that the level of PL synthesis varies during bacterial growth (19) . The expression of each pel-uidA fusion was followed during growth under conditions inducing PL synthesis (Fig. 4) . The GUS specific activity represents the expression of the fused gene while the PL specific activity represents the expression of the four nonmutated pel genes. The expression of all the fusions strongly increased when the cells entered the late exponential growth phase (Fig. 4) . Similar curves were obtained when PL activity was measured (Fig. 4) . The GUS maximum expression was transient and was followed by a decline. In contrast, the PL specific activity reached a constant level, which probably corresponds to an equilibrium between the rate of synthesis and degradation of the enzymes. Since PL are rather stable enzymes in these conditions, the plateau probably corresponds to a low level of newly synthesized enzyme. The expression ofpem was similarly dependent on growth phase, showing a peak followed by a steady state at the same phases as pel genes (Fig. 4) . In conclusion, the maximum synthesis of pectinases occurs in a short period during which the cells slow down their growth. The increase due to the end of exponential growth phase approximately corresponds to a factor of 5, 10, 15, 60, 6, and 10 for peLA, peIB, peiC, peID, pelE, and pem, respectively.
Involvement of kdgR in the growth-dependent regulation. Thepel promoters are recognized by the negative regulatory protein KdgR, which represses their expression in the absence of inducer. The growth-phase-dependent expression of the pel genes could be the consequence of variations in KdgR activity. For instance, a reduced synthesis of KdgR during late exponential growth could result in derepression of the pel genes. To examine this possibility, expression of the kdgR gene was determined by using a kdgR::iac fusion (Fig. 5) . We found that the expression of kdgR, estimated by 0-galactosidase activity, was roughly constant during the exponential growth of the cells. In contrast, this expression was low during the latency and stationary phases of growth, i.e., when cells did not multiply (Fig. 5) . The relatively high expression of kdgR could account for the higher repression of the pel gene expression during log phase. In the kdgR mutant A876, pel gene expression was higher than in the wild-type strain in the absence of inducer and did not appear dependent upon the growth phase. However, PL production in the kdgR mutant remained growth phase dependent in the presence of inducer, with a 30-fold increase factor (Fig. 5) . Moreover, in the wild-type strain, the pel gene expression was growth phase dependent, both in noninduced and induced conditions (with 3-and 40-fold factors, respectively), i.e., when KdgR is or is not active (Fig. 5) . Therefore, the presence of an active kdgR gene is not necessary for the growth-phase-dependent expression of the pel genes, but KdgR can be responsible of an increased repression of the pel genes in the log phase of growth.
Contribution of each pel gene in the total PL activity.
Comparison between the levels of expression of each gene can be determined by taking the GUS values obtained in the plateau of the growth curve ( Fig. 4 ; Table 2 ). The pelD and peIE fusions were highly expressed, about 5-fold higher than pelB, peIC, or pem and 2,000-fold higher than peUi, whose expression is very low compared with that of the other pel genes.
The PL activity in each mutant can also give information about the contribution of the corresponding enzyme in the total PL activity, corresponding to the sum of PLa, PLb, PLc, PLd, and PLe enzymatic activities. There was a decrease of PL activity in all the pel mutants. When peIE was mutated, the PL activity decreased to about 50% of that of the wild-type strain. WhenpeUA, pelB, peIC, orpelD was Growth and induction of PL synthesis were followed in the wild-type strain 3937 and in the kdgR::lac mutant A876 in glycerol M63 minimal medium supplemented with PGA and plant extract for the inducing conditions. P-Galactosidase specific activity reflected the expression of the kdgR::IacZ fusion. Growth was followed by measurement of A6w (0). PL (0) and 0-galactosidase (LAC) (U) specific activities were determined on each sample and are expressed in micromoles per minute per milligram (dry weight) of bacteria and in nanomoles per minute per milligram (dry weight) of bacteria, respectively. inactivated, the remaining PL activity was, in each case, about 70% of that in the wild type. However the reduction in PL activity due to each PL was not simply additive, since the sum of the decreases due to the absence of each PL isoenzyme would be higher than 100%. Therefore, the absence of one PL isoenzyme probably affected the synthesis of the others, for instance, by reducing the formation of metabolic intermediates that are inducers ofpel expression.
Effect of various growth conditions on total PL production. To determine the conditions that affect pel expression, we first tested the total PL production of the wild-type strain 3937, in various conditions ( extract or CaCl2 had no effect on induction by galacturonate (Table 3) , but inducer formation from galacturonate does not need the action of PL. Other cations, Na+ or K+ (100 mM), had no effect on PL expression (data not shown).
The presence of an easily metabolizable carbon source, such as glucose, caused a two-to threefold repression of PL production (Table 3) . Growth temperature strongly affected PL production. E. chrysanthemi cells were usually cultured at 30°C. At 25°C, the noninduced level increased about sevenfold but the induced level was similar to that at 30°C. In contrast, at 37°C, both induced and noninduced levels decreased by a factor of 3 to 7. Like low temperature, anaerobiosis increased the noninduced PL level about sixfold. Phosphate limitation did not affect PL production. In contrast, nitrogen starvation provoked a strong decrease, about 15-fold, in PL production in inducing conditions. A high osmolarity of the medium, obtained by addition of 0.3 M NaCl, provoked a slight increase in PL production, mainly in the absence of inducer (twofold). The effect of an acidic pH could not be evaluated because of strong growth inhibition and low solubility of the inducing compounds at pH 6. Induction of the SOS system by addition of mitomycin had no effect on the PGA-induced level but increased PL basal activity twofold (Table 3) . Assay of pectin lyase activity showed that this activity was induced about fourfold in the cultures containing mitomycin but was insensitive to the presence of pectin derivatives (data not shown). Induction of pectin lyase production depending on the SOS system was previously analyzed with other E. chrysanthemi strains (49) .
Effect of growth conditions on the expression of each pectinase gene. The uidA fusions were assayed in various growth conditions to follow expression of the pectinase genes individually (Table 4 ). The PL activity was assayed in each case to verify that the corresponding growth conditions had an effect similar to that expected from the wild-type analysis (Table 5 ). In the absence of inducer, the different fusions were expressed at different levels. The basal level of pelE was high, thepelB and pelC basal levels were intermediate, andpelU andpelD were expressed at low basal levels. In the presence of PGA and plant extract, the transcription of the fusions was significantly stimulated. Induction ratios were ca. 2 forpelA; ca. 5 forpelB,pelC,pelE, andpem; and greater than 100 for pelD, demonstrating that all genes are induced by pectin-degradative products but with different efficiencies. Induction by galacturonate was very low for pelA, pelB, and peiC, about twofold for pem, fourfold for pelE, and ninefold for pelD. Since galacturonate is an easily metabolizable carbon source, it may provoke catabolite repression of the expression of pectinase genes, counterbalancing its inducing properties.
Induction of the SOS system by addition of mitomycin, which induces pectin lyase production, did not affect transcription ofpem orpel genes. The low increase found for the total PL activity in the presence of mitomycin (Table 3) could be explained by a nonspecific activity of the pectin lyase, induced in these conditions, on the substrate of the PL assay, PGA. As found for total PL activity, anaerobiosis increased the expression of the genespeU,pelD, andpelE in noninduced conditions, 2.5-, 3-, and 5-fold, respectively. Expression of pelB, peiC, and pem was not affected by anaerobiosis. Decreasing the temperature to 25°C elevated the expression of the genes petA, pelD, pelE, and pem in the absence of inducer two-to fivefold. Increasing the temperature to 37°C repressed the transcription of all the genes tested, 3-fold forpetA andpem; ca. 5-fold for pelB,pelC, and petE; and ca. 15-fold for pelD in inducing conditions. In the absence of inducer, increasing the temperature of growth has less repression effect. In the presence of a readily utilizable carbon source, such as glucose, a decrease in transcription of most of the fusions was observed. This repression was 1.5-fold for pelC and pelD and 2-fold for peLA, pelE, and pem. In conditions of nitrogen starvation, GUS synthesis was strongly inhibited in all the fusion strains, with a decrease of 3-fold for peLA, 30-fold for pelD and pem, 130-fold forpelB, and 270-fold forpelC andpelE. PL activity was simultaneously strongly repressed in each strain ( Table  5) .
Osmolarity of the medium had diverse effects on the pel genes. High osmolarity had no effect on peA, pelB,pelC, or pem expression but decreased pelD transcription about threefold in the presence of pectic inducer and increased petE transcription sixfold in the absence of inducer. Increase ofpelE expression was seen even in the presence of inducer (threefold factor), while the repression effect of high osmolarity on pelD was evident only in inducing conditions.
DISCUSSION
We have explored several aspects of the transcriptional regulation of the E. chrysanthemi pectinase genes. We analyzed both the total PL production due to the five pel genes in the wild-type strain and the individual expression of each pectinase gene in the fusion strains. As shown for many bacterial virulence genes (31) , the expression of the E. chrysanthemi pectinase genes is controlled by several environmental conditions.
Environmental conditions controlling PL production. The basal level of PL production, i.e., in noninducing conditions, was low but significant ( Table 3 ). As shown in many previous studies, the transcription of thepel genes is significantly elevated by culturing bacteria with pectins or derivatives, the most commonly used being PGA or galacturonate (induction ratios of 30-and 6-fold, respectively). Various environmental stimuli influenced the production of pectinases. Enzyme synthesis was very sensitive to growth phase, and the production of PL was low during the first hours of bacterial growth but increased ca. 40-fold when cells reached the end of the log phase (Fig. 3) . The other factors influencing PL production were (Tables 3 and 5) nitrogen starvation, anaerobiosis, growth temperature, osmolarity of the growth medium, and presence of a readily utilizable carbon source. The effect of conditions that increase PL expression (for instance, anaerobiosis and low temperature) was more visible in the absence of pectic inducer, since the responses to these different inducing conditions were not synergistic. In contrast, the effect of conditions that decreased PL synthesis was more apparent in the presence of inducer (nitrogen starvation and high temperature), probably because the basal level of PL activity was low and difficult to estimate precisely. For these reasons both induced and noninduced conditions were generally tested. Conditions that showed no effect on total PL production, such as phosphate starvation, were not further studied. Conditions which affected total PL production were further tested, by using transcriptional fusions with each pectinase gene.
Individual expression of each pectinase gene. Comparison of the basal level of eachpel::uidA fusion revealed the major role played bypelE in the production of PL in the absence of inducing factors (Table 4) . The contribution by pelB and pelC was also significant. pelE expression was 3-fold higher than that of pelB or peiC, 13-fold higher than that of pelD, and 60-fold higher than that of pelA. Comparison of the higher expression levels showed that the pelD and pelE genes are responsible for the major PL production in inducing conditions; pelD and pelE are expressed 3-to 5-fold higher thanpelB orpelC and more than 100-fold higher than pelA. The transcription of each pel gene responded at different levels to the following conditions: induction in the presence of PGA, increase at the end of the exponential growth phase, repression in conditions of nitrogen starvation, and effect of temperature. Genes of thepeU,pelD, and pelE group are more sensitive to physiological conditions such as anaerobiosis or catabolite repression than the pelB and pelC genes. This study of the pel regulation revealed further differences between thepelB andpelC family and the peU, pelD, and pelE group. These two classes were previously identified by comparison of the nucleotide and amino acid sequences of the genes and their products (19) , confirmed by the PL immunological properties (51), their enzymatic activities (38) , and their role in plant infection (5) . At the level of regulation of their expression, thepelB andpelC genes appeared very similar. In contrast, in the pelA, pelD, and pelE group, each gene behaved differently (low expression for peUA, high induction for pelD, and high basal level for petE). It could be noted that among the environmental conditions tested, osmolarity is the sole condition differently affecting the transcription of the five pectinase genes. While a high osmolarity had no effect on pelA, pelB, and pelC expression, it lowered pelD expression (threefold) and increasedpelE expression (sixfold).
The expression ofpem generally followed that of the pel genes but was less sensitive to most of the environmental conditions tested. The basal level of pem was quite high; pem expression was induced about sevenfold in the presence of PGA and was mainly affected by growth phase, catabolite repression, and nitrogen limitation.
The regulatory genes involved in pel-pem expression. The mechanisms of pectinase gene regulation are not well identified, except for induction by pectin catabolic products, which is, at least partially, mediated by the kdgR gene product (42) . The KdgR repressor binds to the nucleotide sequence corresponding to the KdgR operator, situated in the vicinity of the pel promoter (35) , and probably prevents DNA polymerase binding. The KdgR repressor is able to interact with KDG, the true inducing molecule, in vitro and probably in vivo, provoking the dissociation of the repressor from the operator (35) , thus allowing the transcription of the gene. By analogy with E. coli, it is assumed that catabolite repression occurs via the catabolite gene activator proteincyclic AMP complex. The presence of regions showing homologies with the E. coli catabolite gene activator protein binding site in the 5' upstream region of some pel genes (18, 40) confirmed this supposition. The mechanisms controlling the growth-phase regulation are not known. In E. coli, a new sigma factor, product of the rpoS gene (30) , is proposed to be involved in the regulation of genes expressed at the end of growth. However, the transcription of the pel genes is not dependent on this factor (26; unpublished data), suggesting that other mechanisms may be involved. In E. coli, the fnr gene is involved in a positive control of genes expressed in anaerobiosis (47 (45a) . The products of the cbrAB operon, which control iron assimilation, are probably involved in this regulation (15) . Other genes are thought to be involved in more specific control of some pectinase genes, such aspecYonpem expression (4) or pecZ onpelB andpelC expression (26 
